Type I interferons (IFN-1) are cytokines that affect the expression of thousands of genes, resulting in profound cellular changes. IFN-1 activates the cell by dimerizing its two-receptor chains, IFNAR1 and IFNAR2, which are expressed on all nucleated cells. Despite a similar mode of binding, the different IFN-1s activate a spectrum of activities. The causes for differential activation may stem from differences in IFN-1-binding affinity, duration of binding, number of surface receptors, induction of feedbacks, and cell type-specific variations. All together these will alter the signal that is transmitted from the extracellular domain inward. The intracellular domain binds, directly or indirectly, different effector proteins that transmit signals. The composition of effector molecules deviates between different cell types and tissues, inserting an additional level of complexity to the system. Moreover, IFN-1s do not act on their own, and clearly there is much cross-talk between the activated effector molecules by IFN-1 and other cytokines. The outcome generated by all of these factors (processing step) is an observed phenotype, which can be the transformation of the cell to an antiviral state, differentiation of the cell to a specific immune cell, senescence, apoptosis, and many more. IFN-1 activities can be divided into robust and tunable. Antiviral activity, which is stimulated by minute amounts of IFN-1 and is common to all cells, is termed robust. The other activities, which we term tunable, are cell type-specific and often require more stringent modes of activation. In this review, I summarize the current knowledge on the mode of activation and processing that is initiated by IFN-1, in perspective of the resulting phenotypes.
have been known for their antiviral activity, and are found in all nucleated cell types (1) . IFNs are members of the cytokine family mediating diverse biological and cellular responses such as resistance to viral infections, regulation of cell survival, promotion of antitumor activities, and immune response modulation (2) . Human type I interferons include 13 similar IFN␣s with 80% homology, and single IFN, IFN, IFN⑀, and IFN␤ with lower homology (30 -50%) . In addition to type I, there are type II (with a single member: IFN␥) and type III (IFN) interferons. Common to all interferons is the activation of antiviral activity. However, both the ligand and the receptor components differ between type I, II, and III interferons. Interestingly, the different interferons share many of the same signaling cascade components. In this review, I focus on the activity of IFN-1. IFN-1s are found in all vertebrates, they are intron-less, and they have undergone relatively rapid gene duplication and evolution (3) . This results in species specificity, i.e. human IFN-1s are not active in mouse in physiological concentrations and vice versa (4) . All IFN-1s bind the same surface receptor, composed of two proteins, IFNAR1 and IFNAR2, found on the surface of all nucleated cells (Fig. 1A) . With the exception of ⌱FN␣1 and IFN⑀, binding to IFNAR2 is much tighter then to IFNAR1, with the weak binding to IFNAR1 being evolutionary conserved (5) . IFN-1s were between the first cytokines that were heterologously expressed, making them a preferred drug candidate against various diseases, including multiple sclerosis (IFN␤), hepatitis C (IFN␣2), and various malignancies (6) . In recent years, detrimental functions of IFN-1s in immunologically relevant scenarios have also been revealed (7) . These multitudinous activities of IFN-1s are mediated through the induction or repression of thousands of genes (8) . Although IFN-1s activate their receptors on all nucleated cells, the effects were often found to be cell type-specific. In addition, there is an important role to the IFN-1 subtype used, the duration of activation, and concentration (reviewed in Ref. 9) . Following ternary complex assembly, the Janus family kinases (JAKs) Tyk2 and Jak1, which are associated with the membrane-proximal part of the cytoplasmic domains of IFNAR1 and IFNAR2, respectively, are activated by reciprocal trans-phosphorylation (10), followed by receptor phosphorylation, which in turn recruits and activates downstream signaling, and signal transducer and activator of transcription (STAT) proteins are the best studied examples of this (Fig. 1A) . Here, I aim to provide a current view on the molecular basis for various IFN-1 activities, with emphasis toward the less common pathways.
Structural studies of IFN-1/receptor interactions
The ECD of human IFNAR1 spans amino acids (aa) 28 -436 and is composed of four fibronectin type III subdomains of ϳ100 aa each. This is followed by a 21-aa-long helical TMD, which in turn is connected to the 100-aa-long, mostly natively unstructured ICD. IFNAR2 has a similar architecture, although with a shorter ECD composed of two fibronectin type III subdomains and a more extended ICD of 251 aa. Structures of unbound IFNAR1, IFNAR2, IFN␣2, IFN␤, the binary complexes IFN⅐IFNAR1 and IFN⅐IFNAR2, and the ternary complexes containing IFNAR1⅐IFN␣2/IFN⅐IFNAR2 were solved to high resolution ( Fig. 1) (11-14) . The ligand-docking modes of IFN␣2 and IFN in the two independently solved ternary complex structures appears to be shared by other type I IFN-1s, including IFN␤. This was verified by mutations, single particle electron microscopy, and blocking-antibody experiments (11, 15, 16) . Comparing the determined structures of human and mice complexes shows differences in the details of binding, but with the same general ligand-receptor architecture (Fig. 1, A and B) (13) . For a detailed review on the IFN-1 structures, see Ref. 17 . Comparison of the unbound receptor subunits with the bound forms revealed a large movement in the receptor orientation upon binding. In particular, an outward movement of IFNAR1 was observed (Fig. 1C) , which was verified by FRET measurements (18) . As the IFNAR1 domain SD4 is not directly involved in ligand binding (19) , the observed conformational movement in SD4 suggests a transfer of signal from the IFNbinding site to the membrane-proximal domain of IFNAR1. However, extensive mutagenesis, including deletions and insertions to the TMD of IFNAR1 and its immediate surroundings, did not shown any change in ligand binding, magnitude of signaling, or biological phenotype (20) . This suggests a lack of flow of structural information between the ECD and ICD of IFNAR1. This is not surprising, taking into account the natively Figure 1 . Structure of IFN-1 ligand⅐receptor complex. A, ternary structure of the IFN␣2 mutant YNS bound to IFNAR1 (domains 1-3, with domain 4 missing) and IFNAR2 (Protein Data Bank (PDB) 3SE3). IFN-1-induced receptor dimerization drives the cross-phosphorylation of associated JAKs and STATs. Although STAT1 and STAT2 are common to all cells, other STAT phosphorylations may be cell type-specific. Activated STATs are imported to the nucleus, where they serve as transcription factors. In addition to phosphorylated STATs, U-STAT1 and U-STAT2 were also observed in the nucleus. B, mouse IFN␤-IFNAR1 structure (PDB 3WCY). C, comparing the IFN-1 ternary complex structure (PDB 3SE3 in green) with their unbound counterparts (PDB IDs: IFNAR1, 3S98; IFNAR2, 1N6U). The alignment was done on SD1. D, sequence conservation of cytokine receptor TMDs (underlined) and their surroundings. Sequence conservation was determined using ConSurf. Highest to lowest conservation is colored from magenta to cyan. unstructured nature of the ICD of IFNAR1. Moreover, the TMDs of IFNAR1 and IFNAR2 are between the least conserved regions of the receptor sequences ( Fig. 1D ) (20) , suggesting lack of importance of the specific sequence of this region. For IFN-1, it is now established that in the absence of ligand, the receptors do not dimerize, and thus signaling is initiated by IFN-1-mediated receptor dimerization and not by a structural signal transmitted from the ECD to the ICD (21, 22) .
The varying binding affinities of IFN-1s and their functional implications
The main difference between IFN-1 subtypes is in their binding affinity toward the receptor subunits. The weakest binder to IFNAR2 is IFN␣1, and the tightest is IFN␤ (200 nM versus 0.2 nM affinity) (23) . All IFN␣s bind IFNAR1 with a similar low affinity of 1-5 M, whereas IFN␤ binds significantly tighter, with 100 nM affinity (23, 24) . Despite some allosteric cross-talk (25) , the binding affinity of IFNs to the ECD of either one of the receptor subunits is not influenced by the presence of the second receptor ECD (26) . Reproducing the entire range of binding affinities of natural IFN-1s by mutant IFN␣2 proteins showed that indeed, the variation in binding affinity accounts for many of the differences in biological potencies of natural IFNs (5, 11, 23) , validating the receptor-centric approach toward understanding IFN-1 signaling. Antiviral and antiproliferative activities of IFN-1s are hallmarks of their differential responses. The EC 50 for antiviral activity requires ϳ1000-fold lower IFN concentration than required for activating antiproliferative activity (pM versus nM). Comparing the potency of IFN␤ with that of IFN␣2 shows only a minor difference of EC 50 for antiviral activity, whereas a 50-fold lower concentration of the former is required to elicit antiproliferative activity ( Fig.  2A) . Fig. 2B shows the relation between antiviral and antiproliferative potencies of many IFN␣2 mutants and their receptorbinding affinities. Both activities scale with affinity; however, antiproliferative activity directly scales over a 5 orders of magnitude affinity change, whereas antiviral activity is already optimized at the affinity of IFN␣2.
The good relation between binding and activity allowed for the generation of IFN-1s with higher affinities than naturally observed. In particular, the H57Y/E58N/Q61S triple mutation (YNS) was found to increase affinity toward IFNAR1 by 60-fold. Interestingly, these three positions are evolutionary conserved, suggesting that weak binding to IFNAR1 (which is found for all IFNs except IFN␤) is of benefit (27) . Combining YNS with the tail of IFN␣8 on the template of IFN␣2 raises the affinity to IFNAR2 by an additional 15-fold (28), making it the tightest binding and most potent human IFN-1 available. The antiproliferative and antiviral potencies of the tighter binding mutants resemble IFN␤, strongly suggesting that increased binding affinity is the main difference between IFN␤ and IFN␣2 (Fig.  2B ). The superior activity of YNS␣8-tail fused to a 600-prolinealanine-serine tail (for prolonged serum half-life) in comparison with IFN␣2 and IFN␤ was clearly shown in an engineered mouse, harboring the human receptor ECDs (IFNAR1 and IFNAR2) fused to mouse TMDs and ICDs (called HyBNAR), for treating experimental autoimmune encephalomyelitis (29) .
A recently engineered IFN variant, sIFN-I, was shown to bind IFNAR1 ϳ5-fold tighter and IFNAR2 10-fold weaker than IFN␣2, and was more potent as an antitumorigenic agent in mouse in comparison with IFN␣2. As its activity on cell lines was not much increased, its enhanced in vivo activity may be due to its extended plasma lifetime (30) .
Tight binding is not always an advantage, as is shown by a number of human diseases that are enhanced by elevated IFN-1 signaling. Examples include lupus, tuberculosis, AIDS, psoriatic skin inflammation, and cognitive decline (7, (31) (32) (33) (34) (35) . A number of approaches have been taken to circumvent increased IFN-1 signaling, particularly in lupus. One strategy is to use neutralizing antibodies against IFN-1s. This resulted in only partial reduction of IFN-1 signaling due to the very low amount of IFN-1 required for signaling. A second approach was to use neutralizing antibodies against IFNAR1. This approach almost completely blocked IFN signaling (36, 37) . A novel finding is that sphingosine 1-phosphate receptor 1 (S1PR1) agonists are effective in treating infectious and multiple autoimmune pathologies inhibiting IFN-1 responses specifically in plasmacytoid dendritic cells through acceleration of IFNAR1 turnover. This results in lower surface receptor numbers and thus reduced signaling (38) . This finding is interesting, as systemwide blocking of IFN-1 activities as done by anti-IFNAR1 antibodies may result in susceptibility to infectious disease and cancer. Another approach is to block receptor signaling by engineering an antagonist based on IFN␣2 that binds tightly to one receptor, but does not bind the second receptor (39 -41 (43, 44) , that IFNAR levels are predictive toward its antitumor effect (45) , and that varying IFNAR levels directly affects the antitumorigenic potency of IFN-1s (46, 47) . Indeed, enhanced tumor development was observed in mice lacking functional IFN-1 receptors (48) .
Interestingly, in cells with abundant receptors, IFN␣2 matched or even surpassed IFN␤ activity, including antiproliferative potency, resulting in closure of the gap between these two IFN-1s at high receptor levels (49) . Gradually reducing interferon receptor levels by increasing concentrations of siRNA resulted in a decreased signal, with the antiproliferative activity and STAT activation being linearly related to receptor numbers. Conversely, antiviral activity was not affected until receptor levels were less than 50% of the original one. Genes associated with immunomodulation, such as CXCL10 and CXCL11, were expressed in line with residual antiproliferative activity, whereas expression levels of genes associated with antiviral activity (such as MX1 and PKR) were affected in line with levels of antiviral activity (28) . Although in the same cell line surface receptor levels were predictive toward levels of IFN-1 activation, this was not the case when comparing different cell lines with one another (28) .
The most obvious way surface receptor levels can affect signaling is by increasing the magnitude of the signal. However, biophysical binding measurements on artificial membranes have also shown a direct link between receptor levels and the affinity of IFN-1 to form the ternary complex (19) . Measuring binding in the presence of both receptor chains at very low surface receptor concentrations results in a similar affinity to that measured toward the individual receptor. However, at increased receptor concentrations, the observed binding affinity of IFN-1 was significantly increased due to increased avidity (17, 24, 50) . This can explain why at high receptor concentrations the antiproliferative activity of IFN␣2 equals that of IFN␤ (49), and suggests a mechanism for cells to control IFN-1 activity by varying their receptor concentration.
STAT1-and STAT2-mediated signaling
The canonical pathway of IFN-1 signaling involves the phosphorylation of JAKs and STATs (51) . Dimerization of IFNAR1 and IFNAR2 promotes interactions between Jak1 and Tyk2, which activate kinase activity via cross-phosphorylation, generating docking sites for other effector proteins, particularly STATs (Fig. 1A) . Although STAT proteins are supposedly recruited to Tyr(P) via their SH2 domains, STAT2 was found to bind IFNAR2 via a constitutive, phosphorylation-independent binding site (52). STAT1 in turn was shown to be recruited via STAT2 (21) , which was essential for STAT1 phosphorylation in U6A cells (52, 53) . Conversely, in other cell lines, STAT1 activation by IFN-1 was also observed in STAT2-null cells (54) , suggesting it to be independent on STAT2. The reason for these opposite findings is not clear.
The hallmark of IFN-1 signaling is the formation of a pSTAT1⅐pSTAT2 heterodimer, which in complex with IRF9 forms the transcription factor ISGF3 that promotes transcription of key interferon-stimulated genes (ISGs) (Fig. 1A) . Next to pSTAT1⅐pSTAT2 heterodimers, homodimeric pSTAT1 is also being generated upon IFNAR activation, which is responsible for regulation of candidate IFN-␥ activated sites (interferon-␥-activated sequence (GAS) elements). Although STAT1 is ubiquitously found to participate in cytokine signaling, STAT2 is specific for type I and type III interferons. However, although both type I and III IFNs act through the formation of the ISGF3 transcription factor, type III IFNs only activate a subset of genes found to be activated by type I IFNs. In the canonical pathway of IFN-1-mediated signaling, phosphorylation of STAT1 on Tyr-701 and STAT2 on Tyr-690 leads to heterodimerization in a parallel conformation. Apart from the canonical complex, STAT2⅐IRF9 in the absence of STAT1 was shown to be active. This complex continually shuttles in and out of the nucleus (55), even in its unphosphorylated form (U-STAT2). Moreover, it interacts with many of the known ISGs and was suggested to play a role in regulating ISG expression and execution of IFN-1-dependent biological activities, both independent and dependent on phosphorylation (56 -60) . In STAT1 KO cells overexpressing STAT2, ISG expression seems to correlate with STAT2 phosphorylation and the presence of a STAT2⅐IRF9 complex. The STAT2⅐IRF9-induced ISG expression persists for a longer time when compared with the transient nature of ISGF3 expression. Among genes activated by the STAT2⅐IRF9 complex are many known ISGs involved in antiviral response, leading to an antiviral response in cells lacking STAT1 (57, 61) . The STAT2⅐IRF9 complex recognizes the core ISRE sequence at lower binding affinity when compared with ISGF3, explaining its partial gene activation and delayed activity (62) . The STAT2⅐IRF9 response was absent in STAT1-Y701F homozygote mouse, where STAT1-Y701F suppressed the formation of the STAT2⅐IRF9 complex (63) , maybe through the formation of U-STAT1⅐U-STAT2 complexes.
mTORC2 is a complex of the proteins Rictor and Sin1 with mTOR. It was found that KO of either Rictor or Sin1 significantly reduces pSTAT2, and thereby IFN-1 gene induction (64) , in line with strongly reduced gene induction upon STAT2 knockdown (65) . Also, in both cases, IFN-1-induced antiprolif-erative activity was absent. Although STAT2 is not directly involved in IFN␥ signaling, the formation of U-STAT2 complex with STAT1 was shown to inhibit pSTAT1 homodimer nuclear translocation in response to IFN␥ and thereby has an indirect effect on IFN␥ signaling (66) .
Phosphorylation of STAT1 and STAT2 is transient, diminishing within hours of the addition of IFN-1. However, ISG gene induction persists for a long time in the presence of IFN-1, and even in its absence (67) . IFN-1s stimulate the overproduction of U-STAT1 and U-STAT2, which persists long after pSTAT is not observed. It was shown that expression of U-STAT1 and U-STAT2 to high levels resulted in ISG gene activation in the absence of IFN-1, with U-STAT1 also being found in the nuclei (68) . In line with these findings, it was suggested that increased levels of U-ISGF3 drive a persistent response of IFN-1, in terms of both gene activation and the induction of the antiproliferative response, which requires the prolonged, continuous presence of IFN-1 (69) . It should be noted that the slow induction of the antiproliferative response is a result of the presence of the caspase8 inhibitor, cFLIP. Knockdown of cFLIP significantly speeds up induction of antiproliferation, suggesting that this response can also proceed in the absence of high levels of U-STAT1 (65).
Non-canonical IFN-1-mediated signaling
In addition to STAT1 and STAT2, IFN-1 also strongly activates (phosphorylates) STATs 3-6 (Fig. 1A) (11, 70) . STAT3 is activated by many cytokines, modulating the transcription of genes involved in cell differentiation, proliferation, apoptosis, angiogenesis, metastasis, and immune responses. STAT3 was shown to negatively regulate IFN-1-mediated responses. As a result, STAT3 knockdown cells display enhanced gene expression and antiviral activity in response to IFN-1s (71, 72) . Mutually repressive roles for STAT3 and IFN-1 signaling following viral infection were identified (73) . The effect of pSTAT3 on ISGF3-dependent transcription depends on the Sin3a complex as a cell-specific repressor of STAT3 activity, exerting opposite regulation on STAT3-and ISGF3-dependent transcription and thus acting as a cell-specific modulator of IFN-1 action (74) .
STAT4 binds IFNAR2 and is activated by IFN-1s (75). STAT4 promotes IFN␥ production during viral infection, and conversely, pSTAT1 appears to negatively regulate IFN␥ production (76) . IFN-1-activated STAT4 was required for peak expansion of antigen-specific CD8 T cells, which together with low STAT1 levels result in resistance to IFN-1-mediated antiproliferation (77) .
STAT5 interacts constitutively with IFNAR-associated Tyk2. During IFN-1 stimulation, its tyrosine-phosphorylated form acts as a docking site for the SH2 domain of CrkL. CrkL and STAT5 then form a complex that translocates to the nucleus and promotes the production of a subset of ISGs (78, 79) . STAT5 is phosphorylated on serines 725/730 in an IFN-1-dependent manner. In mouse fibroblasts, disrupting the STAT5a and STAT5b genes hinders IFN-1-dependent gene transcription via GAS elements (79) , suggesting STAT5 to be an integral part of IFN-1-induced signaling. Moreover, in primary human B and CD4 T cells, ISGF3 is not the main activator of gene expression upon IFN␤ treatment, but STAT5 activation of specific pro-survival genes has a primary role. The differences in the activation of STAT1 and STAT5 in different leukocyte subsets result in the induction of pro-and antiapoptotic genes, respectively, explaining some of the varied effects of IFN-1s (80) .
Activation of STAT6 results in the formation of a STAT2⅐STAT6 complex in response to IFN-1 stimulation as detected in B cells and is suggested to take part in the IFN-1-mediated antiproliferative activity (70) . Similarly, it was recently suggested that STAT6, in a STAT2-dependent manner, exerts antiproliferative activity also in Daudi cells upon IFN-1 induction (81) .
In addition to STATs, other signaling factors have a role in IFN-mediated activities. These include isoforms of the protein kinase C and the multifunctional adaptor protein CrkL, activation of the MAPK p38 via the small G-protein Rac1, and activation of the AKT/mTOR/ULK1 pathway via PI3K and the ERK/MAP kinase pathway (2, (82) (83) (84) (85) (86) . Recently, ULK1 was identified as an important regulator of IFN activity that is independent of STAT activation (83) . It is not clear whether ULK1 is directly or indirectly activated by IFNAR, and it is suggested that ULK1 acts through p38 to affect ISG signaling and IFNinduced biological activity.
Feedback mechanisms
As mentioned above, elevated, prolonged IFN-1 responses are detrimental, causing increased levels of inflammation (6, 36, 87) . Therefore, multiple layer feedback mechanisms on the receptor and on its activation and signaling exist (Fig. 3) . Endocytosis of IFN-1 receptors was recorded minutes after IFN stimulation. This is initiated upon the formation of the ternary complex via ubiquitination of IFNAR1, which exposes an endocytic motif masked by Tyk2 in the inactive state (88, 89) . At high levels of surface IFNAR1, a Tyk2-independent pathway also promotes IFNAR1 ubiquitination and degradation (90) . The level of endocytosis is directly related to the strength of the signal (i.e. to the concentration of the ternary complex): low IFN-1 concentration and/or low-affinity IFN-1 weakly affects surface receptor levels, whereas at high concentrations of tightly binding IFN-1s, the receptor levels are reduced by over 60% (50) . In the extreme case of the K152R IFN mutant, IFNAR2 levels were reduced by Ͼ90% (11), whereas for the IFN-1ant mutant that binds tightly to IFNAR2, but does not bind IFNAR1, no endocytosis was observed (40) . IFNAR1 levels can stay suppressed for days upon induction with IFN␤, but not IFN␣2, whereas IFNAR2 levels return to normal (50) . Receptor endocytosis does not immediately abrogate signaling, as it was shown that the receptors keep on signaling in the early endosome, with the VPS35 subunit binding to IFNAR2, resulting in its recycling to the plasma membrane, whereas IFNAR1 is sorted to the lysosome for degradation (91, 92) .
A second feedback mechanism is the IFN-1-stimulated USP18 protein (Fig. 3) . The ISG15-specific protease activity of USP18 is not required for IFNAR desensitization. Rather, binding to IFNAR2 and STAT2 was shown to be responsible for its activity as a negative feedback regulator (93, 94) . USP18 reduces the cell surface-binding affinity of IFN-1s by potently interfering with the recruitment of IFNAR1 to the ternary complex (22, 95, 96) . Thus, the responsiveness to IFN␣ is reduced after the first wave of gene induction, whereas IFN␤, due to its 30-fold higher binding affinity to IFNAR1, is still able to efficiently recruit IFNAR1 and form a signaling ternary complex even at high USP18 concentrations. This may also explain the evolutionary conservation of weak binding affinity of all IFN␣s toward IFNAR1, which permits the USP18 feedback to function. As USP18 levels remain high for many hours after secession of an IFN-1 signal, for a prolonged time, it prevents reactivation of the receptor using IFN␣, but not IFN␤. The modulation of ligand-binding affinity by USP18 makes it a prime candidate to explain differential activation by IFN␤ versus IFN␣, as was further verified by using high-affinity IFN␣ mutants (22, 95, 96) . Lack of USP18 results in a persistent, strong IFN-1 signal, as shown for mouse brain that developed destructive interferonopathy (97) . On the other hand, reduced USP18 can increase antiviral immunity (98) .
The third layer of negative regulation is SOCS1 (suppressor of cytokine signaling) (Fig. 3) , which is a potent inhibitor of JAKs and binds to pTyk2 (99) . Tyk2 inhibition by SOCS1 results in a reduced IFN-1 response due to decreased Tyk2-mediated activity, and also through the negative impact on IFNAR1 surface expression, which is stabilized by Tyk2. The SOCS1-SH2 domain is only functionally relevant if the correct phosphorylated target is present, and thus the SOCS rely on an active signal, adding a further intrinsic level of regulation to the system (100). SOCS1 expression is rapidly up-regulated, even with low amounts of IFN␣2; however, its production is maintained over time only with a continuous, strong IFN-1 signal generated by IFN␤ or high amounts of IFN␣2 (40) .
IFN-1 induces robust and tunable activities
The most basic and easily measured modes of IFN-1 activities are robust and tunable. Robust activities are those that require only minute amounts of IFN-1, independent of its binding affinity. These activities are common to all cells, and are activated even with low surface receptor levels. The most redundant robust activity is the antiviral activity of IFN-1s, which serves as the first line of defense for viral and other pathogen attacks. Robust activities are driven by ISRE promoter elements (40) . On the other hand, some of the IFN-1-induced activities are cell type-specific, requiring 1000-fold higher IFN-1 concentration, are more strongly activated by the highaffinity binding IFN␤ (or IFN␣2 variants engineered for tight binding), are induced after longer times of IFN-1 treatment, and require higher surface receptor numbers. We define these activities as tunable. Antiproliferative and immunomodulatory activities are good examples of those. An analysis of the promoter regions of genes involved in tunable activities showed no enrichment in ISRE sequences (40) . Robust responses are saturated by IFN␣, with only tunable activities taking advantage of the higher affinity of IFN␤ (23, 50) . USP18 seems to be a perfect candidate to explain the molecular mechanism supporting the deviation between robust and tunable activities, as it inhibits binding of lower affinity IFN-1s over time (22) . A still open question is whether disease states resulting from high persistent interferon levels are due to up-regulation of robust or tun- Endocytosis is already observed minutes after interferon receptor activation by IFN-1. Endocytosis is activated by Tyk2 phosphorylation of Ser-535 on IFNAR1, facilitating its polyubiquitination. This in turn exposes a masked linear endocytic motif enabling the recruitment of the AP2 complex and ensuing internalization of the type I IFN receptor. STAT phosphorylation peaks ϳ1 h after initiation of IFN-1 induction, and is then suppressed by SOCS1 binding to Tyk2. SOCS1 expression is rapidly up-regulated by IFN-1, enhancing the negative feedback. A third layer of feedback is mediated by USP18, which binds IFNAR2 and obstructs complex formation. USP18 expression is regulated by IFN-1, enhancing the negative feedback with increased expression levels. Obstruction of any one of these feedback mechanisms was shown to cause disease due to enhanced IFN-1 signaling (6).
able genes. Robust genes are annotated by Gene Ontology biological process terms (using DAVID Bioinformatics Resources 6.8) as related to response to viruses, biotic stimulus, and MHC1, whereas tunable genes are annotated to cytokine and chemokine activities, taxis, inflammation, and antiproliferative activities (50) . The distinction is clinically relevant, as blocking the induction of robust genes requires total shutdown of the system, whereas blocking tunable genes requires only partial shutdown, leaving at least partial antiviral activity intact. For the latter, an antagonist such as IFN-1ant or its derivatives would be perfect (41) , whereas for the former, a receptor blocking antibody such as anifrolumab (which progressed to phase III clinical trials) would be preferable (37) . As mentioned above, tunable activities are cell type-specific. It is interesting to note that that in cells resistant to IFN-1-induced antiproliferative activity, very little expression of tunable genes was observed (40) . Although most of these genes are not related to antiproliferative activity, it suggests that the same program controls them.
Conclusions and perspectives
60 years have passed since the discovery of IFN-1 by Isaacs and Lindenmann (1) . At the beginning, IFN-1 was a great hope, and was compared with the discovery of antibiotics, but to combat viruses. Although IFN-1 was initially recognized as an antiviral agent, it became clear with time that cellular activation by IFN-1 is much broader than just fighting viruses. This acknowledgment resulted in a revival of interferon research and to our realization that there is much we yet do not understand. In addition to being an antiviral agent, it connects innate to acquired immunity, drives immune cell differentiation, is involved in monitoring cellular health, and has the ability to drive senescence and apoptosis. All these different activities are governed by binding of IFN-1 to its cell surface receptors, with no evidence to refute the receptor-centric view. One could compare this with turning on the same switch, resulting in multiple different outcomes. In this review, I tried to provide the current knowledge of how this is possible. How can binding generate a multitude of signals? Although we now have a quantitative understanding of differences in ligand-receptor binding, much is to be learned on how the different modes of binding are processed to molecular differences in signaling. IFN-1 activates six different STATs, in addition to other signaling molecules. How the outcome of this complex processing stage is dictated is not well-understood and provides a challenge for the future. It should be clear that many of the outcomes are cell type-specific. In this context, one of the complications of IFN-1 research is that many of the findings were not repeated on multiple cellular backgrounds, making it difficult to assess the generality of these findings. This is particularly true for tunable activities, which generate much of the interest in this field. Better understanding of IFN-1 signaling will enable us to engineer IFN-1 variants to optimally drive specific activities, making it again a drug of choice.
